We consider a brane world residing in the interior region inside the horizon of the D3-brane. The horizon size can be interpreted as the compactification size in that the Planck scale M pl is determined by the ten-dimensional gravity scale M * and the horizon size r H via the relation M 2 pl ∼ M 8 * r 6 H , and the effective gravity on the brane world behaves in a world with six extra dimensions compactified with size r H . The large mass hierarchy is simply translated into the large horizon size, which is provided by Ramon-Ramon charge of the D3-brane. This picture offers a possible mechanism of dilution of the cosmological constant via Hawking radiation. *
I. INTRODUCTION
String theory spacetimes with conserved quantum numbers are commonly black p-branes [1] . In particular, the extremal p-brane with R-R charge can be described as a Dp-brane [2] . The discovery of D-brane drastically changed the conventional viewpoint that the standard model fields and the graviton should propagate in the same spacetime. The standard model fields can be naturally confined on D-brane, while the graviton can freely propagate through the full spacetime. Recently, this concept has been extensively introduced in approaches to resolving the hierarchy problem and getting a small cosmological constant without relying on supersymmetry in the frameworks of brane world scenario.
In Refs. [3] [4] [5] [6] , it was shown that the string scale l −1 s could be reduced from the fourdimensional Planck scale, M pl ∼ 10
19 GeV, to the electroweak scale, m EW ∼ 10 3 GeV, by introducing large extra dimensions. However, this scenario has the problem of stabilization of the large extra dimensions or, equivalently, dynamical determination of the large size of extra dimensions in a theory whose fundamental length is the inverse weak scale.
Subsequently, Randall and Sundrum (RS) proposed a scheme in which a five-dimensional spacetime contains strongly gravitating 3-branes which produce a warped or nonfactorizable geometry, e.g. a slice of AdS 5 . In their first model (RSI) with two 3-branes [7] , solving the hierarchy problem does not require large extra dimensions. In the second model (RSII) [8] which has only one 3-brane of positive tension, RS also showed that, even for an infinite extra dimension, the effective gravity theory on the brane can be still four-dimensional and not five-dimensional up to leading behavior, provided that the embedding spacetime has a very particular curvature.
Many attempts for the resolution of the problem have been made within the brane world scenarios [9, 10] : If our four-dimensional world is embedded in a higher dimensional spacetime, the changes of the vacuum energy of the brane, the brane tension, may affect only the curvature in the extra dimensions, keeping a Poincaré invariant four-dimensional world volume.
Various attempts have been made to realize the Randall-Sundrum scenario within 5-dimensional supergravity theories [11] [12] [13] [14] [15] [16] [17] and a compactified string or M-theory [18] [19] [20] . In particular, the authors of Ref. [12] investigated singular, supersymmetric domain-wall solutions supported by the massive breathing mode scalars of reductions in M-theory or string theory. The spacetime on one side of such a wall is asymptotic to the Cauchy horizon of the anti-de Sitter (AdS) spacetime, while on the other side there is a naked singularity. The higher dimensional interpretation of these domain wall solutions is given as the interior region between the singularity and the horizon of the higher-dimensional non-dilatonic pbranes [16, 12] . This implies that the interior region could provide a stage for brane world scenarios, even though it is normally excluded in the maximal analytic extension.
On the other hand, the authors of Ref. [21] considered an extremal black hole-like global defect which was called as 'black global p-brane', and showed that the interior region inside the horizon of the black brane possesses all of features needed for a realistic brane world scenario. In the picture of Ref. [21] , the size of the horizon can be interpreted as the compactification size, even though the interior region inside the horizon infinitely extends. And the large mass hierarchy is generated from topological charge of the brane, from which the horizon size is determined. In this picture, the change of the brane tension can forcefully be diluted via the Hawking radiation, because the change of the brane tension convert the bulk geometry of extremal black brane into that of non-extremal one, which evolves back to the extremal one through the Hawking radiation process.
In this paper, we consider D3-brane living in ten-dimensional spacetime and focus on the interior region inside the horizon of D3-bane. The interior region has interpolation between the naked singularity and the near horizon region which is the infinitely long AdS throat (AdS 5 × S 5 ). If the singularity is smoothed out by a stringy effect, the physics will be close to that of the global black brane of Ref. [21] . The interior region of D3-brane then can be interpreted as four-dimensional spacetime with six extra dimensions compactified to the size of the horizon, in that the four-dimensional Planck scale M pl is determined by the ten-dimensional Planck scale M * ∼ g H , and the gravity on a 3-brane residing in the interior region behaves as expected in a world with six extra dimensions compactified with size r H . As the result of such interpretation, the compactification scale can be dynamically determined from the underlying string theory which has only one physical scale, i.e., string scale l −1 s . A large mass hierarchy is then simply translated into large horizon size. Moreover, since the size of the horizon is determined by the Ramon-Ramon (R-R) charge of D3-brane, the large mass hierarchy then follows by taking large R-R charge and its stabilization is guaranteed by the conserved nature of the R-R charge. The observed extremely small cosmological constant could be explained, provided that our world brane is embedded in the interior region of a very near-extremal D3-brane.
II. THE SPACETIME OF D3-BRANE
In string theory, the Dp-brane is a (p + 1)-dimensional hyperplane in spacetime where open strings can end [2] . By the worldsheet duality, this means that the D-brane is also a source of closed strings. If there are N overlapping branes, open strings with endpoints on different brane correspond to U(N) gauge fields localized in the world-volume of Dp-brane. On the other hand, gravity corresponds to closed strings and these can move on the whole 10-dimensional spacetime. In particular, it can carry the Ramon-Ramon (R-R) charges.
On the other hand, it is believed that the Dp-brane and the extremal black p-brane in supergravity are two different description of the same object. For Dp-branes with p = 3, the horizon and the singularity coincide, and so there is null singularity. Moreover, the dilaton either diverges or vanishes at the horizon. For the D3-brane, the dilaton is constant and the horizon is regular. Together with these properties, since the D3-brane has a (3 + 1)-dimensional world volume, it may provide an interesting and concrete model for attempts to describe our universe as a 3-brane embedded in a higher-dimensional spacetime.
The supergravity solution of D3-brane with N units of R-R charge is given by
in terms of an appropriately defined Schwarzschild-type coordinate r, where
where l s is the string length scale and g s is the string coupling constant. Here σ = −1 for the interior solution (r < r H ) and σ = 1 for the exterior solution (r > r H ). The spacetime has a horizon at r = r H and this horizon is regular. And the singularity at r = 0 is covered by the horizon. As discussed in [22] , it is known that the metric (1) can be analytically extended through the Cauchy horizon at r = r H and out into another region. This can be seen introducing a new radial coordinate ω by the relation
Since r is analytic function of ω on the horizon at ω = 0, the metric can be extended to negative values of ω. The extension is isometric to the original regions because the metric is invariant under ω → −ω. For the exterior solution, repeating the continuation, one obtains a completely non-singular maximal analytic extension of the metric (1). The interior region is excluded in this extension. This is the case normally treated in the literatures. However, we have no reason to exclude the interior region in discussions given our ignorance concerning the singularity. In fact, there must be a R-R charged δ-function source at r = 0 because the D3-brane is coupled to the self-dual 5-form field strength and carry both "electric" and "magnetic" charge. The interior region then can be also analytically extended through the horizon to another region isometric to the original region excluding the exterior region. As well known, the near horizon geometry is the infinitely long AdS throat. To see this, it will be useful to introduce a new radial coordinate ρ by
where ρ runs from 0 to ∞ for the interior solution and from −∞ to ∞ for the exterior solution. The horizon is now located at ρ = ∞ for the interior solution and at ρ = −∞ for the exterior solution. With this new radial coordinate, the metric is then written as
where the original radial coordinate r is given by a function of ρ and its asymptotic behaviors can easily be found. In the near horizon region, we can approximate as σ∆(r(ρ)) ∼ r 4 H /ρ 4 , and the metric becomes
which is the geometry of AdS 5 × S 5 with curvature scales r
H . This solution is an example of warped metric due to the backreaction of the brane.
So far the black 3-brane have been treated using the classical supergravity. This description is appropriate when the curvature of the 3-brane geometry is small compared to the string scale, so that the stringy corrections are negligible. For the exterior region, since the curvature is bounded by r −1 H , this requires r H ≫ l s . To suppress string loop corrections, the effective string coupling g s also needs to be kept small. Since the dilaton is constant, we can make it small everywhere in the 3-brane geometry by setting g s < 1, namely l P < l s . That is, the supergravity approximation is valid everywhere when l p < l s ≪ r H for the exterior solution. Since r H is related to the R-R charge N as r 4 H = 4πl 4 s g s N, this can also be expressed as 1 ≪ g s N < N. On the other hand, since in the interior region the curvature is not bounded at the origin, the supergravity description will be valid only in a limited region. Because the curvature diverges as ∼ r 4 H /r 5 near the singularity, the interior solution is valid within the region satisfying the condition r ≫ (4πg s N) 1/5 l s and the stringy description might be needed in a region where r < ∼ (4πg s N) 1/5 l s . In terms of the radial coordinate ρ, this corresponds to the region where ρ < ∼ (4πg s N) −1/20 l s < ∼ l s . This implies that the singularity could be an artifact of the long-range supergravity approximation. The singularity is expected to be cured by stringy effects. Essentially the source for the R-R field strength is sitting at the singularity, i.e., the field energy density diverges as ∼ 1/r 10 . Since only the known source for the R-R 5-form field strength is D3-brane, we are naturally expected to see a stack of D3-branes when we probe the singularity with energy over the string scale.
III. METRIC FLUCTUATIONS AND THE SINGULARITY
Both the interior and the exterior region by itself does not seem to provide a suitable framework for a Randall-Sundrum configuration, because in one direction one may reach an AdS horizon, in the other direction one will either run into a singularity or on out into unbounded flat space. However, as discussed in [12] in the context of the five-dimensional domain wall solution to the dimensionally reduced type IIB theory on S 5 , such singular region by itself can provide a suitable framework for a Randall-Sundrum configuration, provided that the singularity is regularized.
The existence of the massless graviton state is evident because the theory always allows solutions with a general Ricci-flat metricḡ µν (x), which satisfies the four-dimensional vacuum Einstein equationR µν (ḡ) = 0, instead η µν in the metric (1), and the massless four-dimensional graviton is simply the usual gravitational wave solution of linearized fourdimensional vacuum Einstein equation. The Planck scale is finite in spite of the existence of the singularity in the interior region. One can easily see this examining the four-dimensional effective action, that is, the four-dimensional Planck scale is given in terms of the 10-dimensional Planck scale by:
where
H is just 5/8 times the volume of 6-dimensional sphere, that is, the radial direction has the effective size of (5/8)r H .
Eq. (7) say that the four-dimensional Planck scale is determined by the ten-dimensional Planck scale and the horizon size via the familiar relation M H as in the usual Kaluza-Klein theories. This implies that the horizon size r H could be interpreted as the effective size of 6 compact extra dimensions, even though the interior region infinitely extends. This interpretation could be cleared up through a complete analysis of the effective 4D gravity.
However, we should be careful in discussion of the graviton state because we do not have a complete understanding of the singularity. For a metric of the form of Eq.(1), the gravitational fluctuations are given by replacing η µν with η µν + h µν (x, y) where h µν is small compared with η µν . With the gauge condition ∂ µ h µν = 0, the linear fluctuations satisfy the covariant wave equation [27] :
where g M N is the ten-dimensional background metric. Using the coordinates of the metric (1) and expanding h µν (x, r, Ω) = ǫ µν e ip·x R ℓ (r)Y ℓ (Ω), where Ω denotes angular variables, we have an equation for the radial wavefunction R mℓ (r):
where ǫ µν is a constant polarization tensor and m (= √ −p · p) is the mass of the KK modes.
The second term is the repulsive centrifugal potential which comes from the contribution of angular momentum. As easily expected, this equation is singular at r = 0. Since this equation has the asymptotic form near the singularity:
the equation (9) requires regular solutions to behave near the singularity as follows
R mℓ (r) → r n with n > 10, for ℓ = 0,
where a 0 is a constant. In the presence of the singularity, a possible boundary condition is simply requiring that the fields do not feel the singularity at all: R mℓ (0) = 0 disallowing solutions with R mℓ (0) = 0 at r = 0 as in [12] . Then the spectrum is bounded from below and continuous with only positive energies occurring [26, 27] . And the wavefunctions with m = 0 will be suppressed in most of the interior region, as will be cleared up later. For the massless graviton (i.e., m = ℓ = 0), Eq.(9) admit the constant solution R 00 (r) = constant. However, this massless graviton state should be excluded, since it does not vanish at r = 0. Hence, the inverse square law for gravity will not be recovered at long distance on a brane residing in the interior region.
Another possible boundary condition is the unitary boundary condition which was discussed in [24, 25] . The fact that the spacetime is geodesically incomplete would not matter provided that no conserved quantities are allowed to leak out through the boundary. Even though the singularity of the black 3-brane at r = 0 is point-like and stronger than those considered in [24, 25] , it is easy to see, following the same procedure as in Refs. [24, 25] , that such boundary condition allows the form of solution (11) , that is, the flux through the singularity for the solutions having behaviors of (11) vanishes. Further, the constant solution for the massless graviton is not excluded by such boundary condition. Hence, the usual four-dimensional gravity will be reproduced at long distance, even though the spacetime has a naked singularity.
Since we, however, do not have a detailed understanding of the singularity, we will not be able to make any rigorous claim whether such boundary conditions are what we want. Thus, we will only assume that the singularity is smoothed out by the true short-distance theory of gravity, namely, string theory. The singular source of the R-R field then will be look like a smooth 3-brane. Since these effects will only modify the metric close to the singularity, they only slightly change the shape of the wavefunctions. The massless graviton then is always allowed, giving the correct four-dimensional gravity at long distance on a 3-brane residing in the interior region.
IV. GRAVITY ON THE BRANE AND MASS HIERARCHY
It will be useful to work using the radial coordinate ρ of Eq. (4) to see the effective gravity on a 3-brane residing in the interior region. The linearized equation (9) then can be written into the form of an analog non-relativistic Scarödinger equation by making a change of variable
Then the resulting analog Schrödinger equation is given by
where V sch (ρ) is the analog non-relativistic quantum mechanical potential:
where y(ρ) ≡ r(ρ)/r H and V cf l is the repulsive centrifugal potential:
All of the important physics follows from a qualitative analysis of these potentials. The full form of the Schrödinger potential V sch (ρ) is sketched in FIG. 1 . We see that the potential near the singularity approaches a negative infinity as ∼ −ρ −2 . However, the negative infinity of the potential could be cut off at distances ρ ∼ l s after smoothing out the singularity. Without a detailed understanding of the theory in such strongly gravitating region, we will not know the shape of the potential and so the shape of the wavefunctions near the origin. In [12] , a model which modify the metric within the distance ρ ∼ l s was presented to get an indication of the sort of modifications that can be expected once stringy corrections are taken into account. As we will see, however, such models are not needed in analyzing the wavefunctions in the interior region, because the amplitude of the wavefunction near the origin is insensitive to the detailed shape of the potential near the origin.
A bump results from the AdS spacetime near the horizon. The potential has a maximum value 5/4r near the horizon at ρ = ∞. For s-wave modes with ℓ = 0, the potential in the near horizon region is identical to that of the original Randall-Sundrum model. While wave modes with ℓ = 0 will see the additional repulsive centrifugal potential and will be much more suppressed near the origin than s-wave modes. The zero mode solution is easily identified from Eq.(15) as χ 00 (ρ) = a 00 K(ρ), which corresponds to the constant zero-mode solution of Eq.(9). Here, a 00 (≡ (π 3 r 6 H /3) −1/2 ) is the normalization factor. The function K(ρ) is plotted in FIG.(1) . Clearly, the graviton is localized in the central region of the potential, even though K(ρ) rapidly approaches zero as ∼ (ρ/r H ) 1/6 at the very near of the origin when the regularization is not imposed. This seems to show that the gravity is completely decoupled from the δ-function like source at the singularity. The function K(r), however, should be modified near the origin when the singularity is regularized. Since K(l s ) ∼ (l s /r H ) 1/6 at ρ ∼ l s , the function K(r) does not significantly change in the central region l s < ∼ ρ < ∼ 0.4r H , even for the large difference of order l s /r H ∼ 10 −5 . Hence, the central region looks like a one-sided Randall-Sundrum domain wall embedded in AdS 5 upon dimensional reduction. And the continuum modes in the near horizon region are given by a linear combination of Bessel functions
where a mℓ and b mℓ are m-dependent coefficients to be determined by normalization andthe central region translates from the Randall-Sundrum one to the large extra dimensional scenario relying on the size r H of the horizon. When the size of the horizon is of the order of the string scale, the four-dimensional effective Planck scale is also of the order of the string scale. Since the information on the compactified sphere S 5 is reflected only through the extremely suppressed contribution from modes with ℓ = 0 and moduli fields associated with the radius r H of S 5 have masses of the oder of the string scale, the phenomenology on a world brane is imperceptibly different from that of the original Randall-Sundrum scenario. This is what is expected from the supergravity domain wall solution of Ref. [12] to the dimensionally reduced type IIB theory on S 5 . However, this limit does not seem to be reliable, because the supergravity description of the black 3-brane is inappropriate when r H ∼ l s , as discussed in the Sec.2.
For r H ≫ l s , the supergravity description of the interior region is valid except very near of the singularity. In this regime, at least in gravity side, the phenomenology seems to be very similar to that of the conventional large extra dimension scenarios with size r H . Since the effective Planck scale is determined via the relation M . If we naively assume that the string scale is of the order of the weak scale, i.e., l 
V. COSMOLOGICAL CONSTANT AND THE HAWKING RADIATION
Hitherto, we have assumed that our world brane is residing in the interior region of an extremal D3-brane. However, it does not seem that we are living in the extremal D3-brane because the present entropy density of our universe is not zero even though it is small, while the extremal D3-brane has zero entropy. In this respect, it will be useful to have a short review of the nonextremal version of the D3-brane, which has non-zero entropy. In string frame and with a Schwarzschild-type radial coordinate r, the metric of the nonextremal D3-brane can be written as [1] 
where ∆ ± (r) ≡ 1 − r 
up to the numerical factor of the order of one. The extremal solution has degenerate horizons r + = r − , and zero Bekenstein-Hawking entropy. The Hawking temperature of the extremal brane is also zero. In the near extremal limit, the entropy is
where ǫ ≡ r + − r − . A non-extremal black brane has nonzero Hawking temperature and Hawking radiates evolving toward an extremal black brane. We take this as a possible mechanism of relaxation of the cosmological constant in the brane world scenario. In general, excitations of the extremal black p-brane would convert the metric η µν to be either non-Ricci flatĝ µν =ĝ µν (x) such thatR(ĝ) = 0, or even to depend on the extra dimension coordinateŝ g µν =ĝ µν (x, y). The non-extremal black p-brane produced so will be equipped with nonzero Hawking temperature. Subsequently, the excitations will be diluted via Hawking radiation. In this picture, the nonzero vacuum energy of the brane is translated into the constant worldvolume curvatureR(ĝ) = 0, which would render the initially extremal black p-brane into a non-extremal one. This observation implies that, even though the Poincaré invariance along the black p-brane worldvolume direction is broken due to the change of the vacuum energy density of the brane, e.g., the quantum corrections to the brane tension, it can be recovered through a dilution mechanism of the excitation via the Hawking radiation process. Consequently, one would expect that no cosmological constant on the brane would be generated, at least, at asymptotic future. In this picture, the observed extremely small cosmological constant could be explained, provided that our world brane is embedded in the interior region of a very near-extremal black brane. Moreover, the fact that the entropy density of our Universe is extremely small (but nonzero) compared to the entropy density usually expected from black hole physics seems to support it 1 The above argument might be used for other problems associated to the brane world scenario. First, the process might provide a new solution to the cosmological flatness problem. Even though the p-brane worldvolume might be bent initially, the bending energy ought to be diluted as the black brane Hawking radiates. The p-brane would evolve again toward the extremal one at asymptotic future. Second, the new flatness problem [28] associated with the approximate Lorentz invariance in the p-brane worldvolume direction may also be explained, as the bulk curvature generated byĝ µν (x, y) could be diluted away via the aforementioned Hawking radiation.
VI. CONCLUSION AND DISCUSSION
In conclusion, we have shown that the interior region inside the horizon of the supergravity black 3-brane can provide a framework for a Randall-Sundrum scenario and a large extra dimension scenario, provided that the singularity at the origin is smoothed out. Even in the existence of the singularity, the gravity can be trapped in the central region if we require the graviton states to satisfy only the unitary boundary condition at the singularity. And the horizon size can be interpreted as the compactification size in that the four-dimensional Planck scale M pl is determined by the 10-dimensional Planck scale M * ∼ l H and the effective gravity on a 3-brane residing in the 1 The present entropy density of our universe is ∼ 10 3 /cm 3 , while for a four-dimensional black hole which has a Schwarzschild radius of order 1cm, the entropy is ∼ 10 66 . central region has a transition from the four-dimensional Newtonian gravity as | x| ≫ r H to 10-dimensional gravity as | x| ≪ r H .
Perhaps the deepest consequence of the above picture is that it gives a natural explanation of the large mass hierarchy and gives a good reason of why string theory would necessarily choose such type of compactification geometry. The large mass hierarchy between the weak scale and the Planck scale is translated into the large size of the horizon. The large size of the horizon, i.e., the large compactification size can be calculated in string theory that has only one physical scale l s and is determined by the magnitude of the R-R charge N carried by the D3-brane. Furthermore, the stabilization of such large compactification size is strictly supported by the conserved D3-brane charges.
We don't need to compactify whole spacetime introducing the compactification manifold. The geometry needed for the Randall-Sundrum type brane world can be obtained simply from the noncompact ten-dimensional spacetime by means of formation of a large cluster of D3-branes. It dose not seem uncommon to have solutions with such huge magnitude of charge; the world around us abounds with solutions that has much larger charge than the unit electric charge.
